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Abstract 
We report the results of a study of the sulphurization time eﬀects on Cu2ZnSnS4 absorbers and thin film solar cells prepared from dc-sputtered 
stacked metallic precursors. Three diﬀerent time intervals, 10 min, 30 min and 60 min, at maximum sulphurization temperature were 
considered. The eﬀects of this parameter’ change were studied both on the absorber layer properties and on the final solar cell performance. 
The composition, structure, morphology and thicknesses of the CZTS layers were analysed. The electrical characterization of the absorber 
layer was carried out by measuring the transversal electrical resistance of the samples as a function of temperature. This study shows an 
increase of the conductivity activation energy from 10 meV to 54 meV for increasing sulphurization time from 10 min to 60 min. The solar 
cells were built with the following structure: SLG/Mo/CZTS/CdS/i- ZnO/ZnO:Al/Ni:Al grid. Several ac response equivalent circuit models were 
tested to fit impedance measurements. The best results were used to extract the device series and shunt resistances and capacitances. Absorber 
layer’s electronic properties were also determined using the Mott-Schottky method.  The results show a decrease of the average acceptor 
doping density and built-in 
voltage, from 2.0×1017  cm−3  to 6.5×1015  cm−3  and from 0.71 V to 0.51 V, respectively, with increasing sulphurization time. This 
results also show an increase of the depletion region width from approximately 90 nm to 250 nm. 
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1. Introduction 
 
The search for alternative semiconductor compounds to re- place 
Cu(In,Ga)Se2 (CIGS) as the absorber layer in thin film solar cells has 
accelerated in recent years. The quaternary metal sulphide, 
Cu2ZnSnS4 (CZTS) seems to gather important prop- erties which 
suggest that it could be a possible replacement. This compound is 
constituted by low cost and non toxic el- ements.  CZTS is a p-
type semiconductor with an    absorption 
coeﬃcient higher than 104  cm−1  and a band gap close to 1.5 
eV [1–3]. Despite these interesting optical properties the best 
conversion eﬃciency attained so far with CZTS based solar cells 
was 8.4% [4], which is a modest value compared with the 20.3% 
reached by CIGS, [5]. Such low eﬃciency can be partially attributed 
to the diﬃculties of the synthesis of the ab- sorber layer, and as 
suggested by Chen et al. [6], the formation 
 
of stoichiometric CZTS has a very narrow chemical potential region. 
These growth problems are more evident considering that the best 
solar cell results are attained using non stoichio- metric absorber 
layer compositions such as Cu poor and Zn rich precursors, according 
to Katagiri et al. [7]. This means that un- less very controlled 
conditions are met, unwanted phases, like ZnS, Cu2SnS3, Cu2−xS 
among others [2, 8], could easily re- main after the completion of the 
sulphurization/crystallization process. 
 
Several techniques were developed to grow the Cu2ZnSnS4 
compound. This process can be divided in 2 parts. The first part 
refers to the deposition of the precursors which can be done by 
vacuum or by non-vacuum methods. Vacuum meth- ods, like thermal 
and sequential e-beam evaporation were tested by Friedlmeier et al. 
[9] and Katagiri et al. [10], respectively. The co-evaporation was 
performed by Tanaka et al. [11] using metallic precursors and by 
Bjo¨rn-Arvid Schubert et al. [12] us- ing copper, tin and zinc sulfide 
sources. Sputtering techniques were tested in diﬀerent configurations: 
sequential deposition of metallic precursors [8, 13] and co-sputtering 
of binary sulphide precursors [14]. Non-vacuum methods include 
electrodeposi- tion [15, 16], chemical bath deposition [17] and spray 
pyrolysis [18, 19].  For the second part, the methods used diﬀer on 
the 
  
 sulphurization conditions, which can be performed in a sealed 
environment [19] or using a transport gas, such as Ar or N2 [13, 
15]. The sulphurization can also be done using sulphur vapour or 
H2S [13, 15, 16]. Diﬀerent maximum sulphurization temperatures 
were tested with the published data ranging from 
500 ◦C to 600 ◦C. Relatively high pressures have been tested in 
order to decrease the losses of Zn and Sn during the sulphuriza- tion 
process. 
In this work we show the results of a set of experiments on the 
properties of the CZTS layer and the solar cells derived from them 
aimed at studying the eﬀect of the sulphurization time. This work 
shows the compositional, structural and morpholog- ical changes of 
the CZTS layer when the samples are subjected to diﬀerent 
sulphurization times. Electrical characterization of the CZTS layers 
and final solar cells was performed and the results are also 
discussed. 
 
2. Experimental details 
2.1. Sample preparation 
The method used for the growth of the absorber layer con- sisted 
in the sequential deposition of metallic precursor layers done by dc 
magnetron sputtering and a final annealing /sulphur- ization process, 
allowing the formation of the CZTS compound [8]. 
Successive ultrasonic baths of acetone/ethanol/deionised wa- ter 
and subsequent N2  flow were applied to a 3×3 cm
2      soda- 
lime glass (SLG) substrate as the cleaning and drying process, 
respectively. Next, the deposition of Mo back contact was per- 
formed by dc magnetron sputtering from a Mo target with 3N purity 
as described by Salome  ´et al. [20]. The metallic precur- sors were 
deposited sequentially using dc magnetron sputtering. The deposition 
order used was SLG/Mo/Zn/Sn/Cu [13]. All de- 
positions were done under an Ar atmosphere, with an operating 
pressure of 2×10−3 mbar, and the power densities used for Cu, Zn 
and Sn were 0.16 Wcm−2, 0.36 Wcm−2  and 0.11 Wcm−2, 
respectively. The distance between the target and the sample was 8 
cm. The purity of the targets was 5N for Cu and 4N for both Zn and 
Sn. In situ thickness’ monitoring was performed with a quartz crystal 
monitor. 
The formation of the CZTS layer was performed in a tubular 
furnace in a N2  plus sulphur vapour atmosphere at a   constant 
working pressure of 5 mbar and a N2 flow rate of 40 ml/min. The 
sulphur pellets, with purity 5N, were evaporated at 130 ◦C 
in a temperature controlled quartz tube source. The furnace 
temperature was ramped up at 10 ◦C/min until the maximum 
sulphurization temperature of 520 ◦C was attained.  This tem- 
perature was kept constant during 10 min, 30 min and 60 min and 
then the system was set to cool down naturally. These pro- files are 
sketched in Figure 1. 
Secondary phases, such as Cu2−xS, that form during the CZTS 
crystallization process were eliminated using a KCN chemical 
treatment [13]. The samples were, sequentially, subjected to the 
KCN solution at 10% w/w, a solution of ethanol/deionised water at 
50% vol/vol and finally deionized water. Each step had the duration 
of 2 min. Finally, all samples were dried with a N2  gas flow. 
 
 
 
Figure 1: Sulphurization profiles used for the growth of the CZTS layer. 
 
 
Electrical resistance measurements of the CZTS layers were 
carried out in order to understand the influence of the sulphur- 
ization time over the transport properties of the samples. For these 
measurements the Mo layer deposited between the SLG substrate 
and the CZTS layer was used as a back contact, while a C-shaped 
gold electrode was thermally evaporated on top of the CZTS film 
and used as the top electrical contact. In this contact configuration 
the transversal transport across the cross- section of the CZTS layers 
was measured. 
For the preparation of solar cells an n-type CdS layer was 
deposited by the chemical bath method. The process allows the 
formation of a hetero-junction with the p-type CZTS. Next, an i-
ZnO/ZnO:Al window layer was deposited by RF-magnetron 
sputtering. Finally, Ni/Al metal grids were deposited by e-beam 
evaporation through an aperture mask to form the front contact. 
 
2.2. Sample characterization 
In situ thickness monitoring was done using a quartz crystal 
system during the metallic precursor deposition. A Dektak 150 step 
profiler was used to measure the thickness of individual metallic 
precursors and the final CZTS layer thicknesses. X- ray diﬀraction 
(XRD) analysis was performed with a PHILIPS PW 3710 system 
equipped with a Cu-Kα source (wavelength λ=1.54060 Å) and the 
generator settings were 50 mA, 40 kV. Surface Scanning Electron 
Microscopy (SEM) and energy dis- persive X-ray spectroscopy 
(EDS) compositional analysis were perform using a Hitachi S4100 
SEM and a Rontec EDS with setting parameters of 25 kV and 10 µA. 
A Hitachi Su-70 was used for cross-sectional SEM micrograph 
acquisition with set- ting of 7 kV and 30 µA. Raman scattering 
measurements were performed in the backscattering configuration 
and the excita- tion laser line used was 488 nm. The Jobin-Yvon 
T64000 Ra- man spectrometer was equipped with an Olympus 
microscope with a 100x magnification objective lens.  It focused the  
laser 
beam down to a spot size of 1 µm in diameter. This equipment has a 
resolution of 1 cm−1.   The compositional analysis    was 
complemented using Inductively Coupled Plasma - Mass Spec- 
trometry (ICP-MS) measurements with a Jobin-Yvon Activa-M 
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Param. S10(prec.) S30(prec.) S60(prec.) 
[Cu]/([Zn] + [S n]) 0.9±0.1 0.9±0.1 0.9±0.1 
  [Zn]/[S n] 1.4±0.2 1.3±0.1 1.3±0.1   
 
Table 1: Composition ratios for metallic precursors measured by ICP-
MS. 
  
 
 
     [Cu]   
[Zn]+[S n] 
 
[Zn] 
[S n] 
 
  [S ]   
[Zn]+[S 
n]+[Cu] 
S10  S30  S60 
top 0.9±0.2 0.8±0.1 0.9±0.1 
   back     0.6±0.1     0.7±0.1      0.8±0.1   
top 1.6±0.3 1.4±0.3 1.4±0.3 
   back     2.1±0.4     1.3±0.3      1.5±0.3   
top  -  -  - 
back 1.1±0.4 1.0±0.3 1.1±0.3 
  
 
Table 2: Composition ratios of the CZTS layer measured by EDS. The 
results include the measurements observed from top and back CZTS 
surface layer. 
 
system. Sample preparation for ICP analysis follows the stan- dard 
procedure that includes dissolving the films using a solu- tion of 
aqua regia, nitric acid and hydrochloric acid in a vol- 
ume ratio of 1:3 at temperature of 80 ◦C. Electrical  resistance 
measurements were done under dark conditions as a function of 
temperature in the 10 K - 310 K range. The samples were mounted 
in an Oxford Instrument SpectrostatCF static continu- ous flow 
cryostat CF104, especially modified to allow low noise electrical 
measurements of the samples, and the electrical mea- surements were 
done with a 237 high voltage source-measure unit from Keithley. 
Special care was taken in confirming that the contacts were ohmic 
over the entire temperature range by acquiring current-voltage 
curves. Current-voltage characteris- tics of the solar cells were 
measured under illumination in sim- ulated standard test conditions: 
AM1.5 and 1000 W/m2. A cal- ibrated Si-cell was used as reference 
for the J(V). Admittance measurements were carried out under dark 
conditions at room temperature using a 4 point probe setup and a 
HP42805A (75 KHz-30 MHz) impedance analyser. The amplitude of 
the ac signal was set to be constant and equal to 25 mV. 
The samples are identified according to the sulphurization time (in 
minutes). 
 
3. Results and Discussion 
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Figure 2: XRD diﬀractograms of the samples S10, S30 and S60. The 
peaks and crystal planes assignments were done using ICDD database 
[24] for CZTS, Mo, MoS2, SnS and CuxSny. 
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3.1. Compositional characterization 
In Table 1 it is shown the composition ratios for the precur- sors 
measured with ICP-MS. This method was used due to the fact that 
EDS analysis is not suitable for stacked layers config- uration.  The 
composition of the precursors was Cu-poor   and 
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Figure 3: Details of the XRD diﬀractograms of the samples S10, S30 
and S60 at 2θ close to 27◦ and 51◦. The peaks and crystal planes 
assignments were done 
using ICDD database [24] for CZTS, Cu41Sn11, Cu4SnS4  and SnS. 
 
Table 3: Thicknesses of individual metallic layers and final metallic 
precursors measured by step profiler. Thicknesses of CZTS absorber 
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Sample 
Zn 
(µm) 
Sn 
(µm) 
Cu 
(µm) 
Prec. 
(µm) 
Abs. 
(µm) 
∆ 
(%) 
S10 0.86 1.05 0.47 2.38 3.30 38 
S30 0.70 0.97 0.38 2.05 2.90 41 
S60 0.74 1.08 0.40 2.22 2.70 22 
 
 layer measured by cross-sectional SEM micrograph. The estimation 
of the relative volume varia- tion, ∆, between precursors and CZTS 
layer. 
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Zn-rich which follows the recommendation by Katagiri et al. [7] for 
improved solar cell performance. Some residual compo- sition 
variation is observed but it remains within the uncertainty interval. 
Table 2 shows the results of the final compositional anal- yses 
of the samples. These results were measured using the EDS 
technique. Considering the limited penetration depth of EDS, we 
present the results measured from top and back sur- faces of the 
CZTS layer. We exposed the latter detaching the CZTS layer from 
the Mo/MoS2 layer using an adhesive tape. By comparing these 
results, it can be seen that the element 
inter-diﬀusion is not complete, especially for a sulphurization 
duration of 10 min.  This is demonstrated by the ratio        
[Cu]      
, 
for top and back surfaces, of 0.9 and 0.6, respectively, and 
[Zn] 
, for 
top and back surfaces, of 1.6 and 2.1, respectively. For the other 
samples these diﬀerences seem to be smaller and a higher 
compositional uniformity is observed. Although the ICP-MS analysis 
is more accurate than EDS, we used the latter because 
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it preserves some spatial information of the composition. In ICP-MS 
the samples are dissolved in an acidic solution, losing 
 Pea  Pos 
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all information about the compositional spatial distribution. To  P    ZT S3- 2 m 
 P C ZT S32 3 m 
avoid the influence of the Mo of the back contact in the   mea- 
surement of the S content of the absorber layer, the top surface 
measurements were not presented in the table 2. Only the back 
 P akSm 
 -  S  P
 
surface measurements are presented. Note that the EDS anal- ysis 
presents problems to distinguish the Mo from the S due to the 
proximity of the X-ray emission lines. Cross sectional EDS mapping 
(not shown) present not significant signal  vari- 
ation for the sulphur element from the middle to top region of the 
absorber  layer.   The ratios         
[S ] 
shown in table  2 
with values close to 1.0 suggest that the samples are almost 
completely suphurized, although the presence of residual poor 
sulphur phases, as shown in section 3.2. 
Table 3 shows the results of the thickness measurements of the 
individual metallic precursors, the final precursor layer and the CZTS 
layer. The measurements of the CZTS layer thickness was performed 
by cross-sectional SEM micrographs,  shown in Figure 6. It is also 
included the estimation of the volume variation of the sample before 
and after the sulphurization pro- cess. It is seen that sample S60, 
which has undergone a longer sulphurization process, shows a lower 
volume increase, indi- cating possible material losses or a higher 
film    compactness. 
These losses are mainly in the form of SnS by re-evaporation [8]. 
This fact can explain the higher 
[Zn] 
ratio for the CZTS layer when 
compared with the precursor layer shown in  Table 
2. The comparison between sulphurized samples can be mis- leading 
because the loss eﬀect is masked by a compositional uniformity 
increase. 
 
3.2. Structural characterization 
For the structural analysis and phase identification we used two 
techniques, namely, XRD and Raman scattering. The need for the 
complementarity of these techniques is related to the fact that 
CZTS, cubic-ZnS and cubic-Cu2SnS3 (CTS) have very similar unit 
cell structures [2, 21]. This results in similar XRD diﬀractograms. 
The Raman scattering technique can resolve those phases [22, 23]. 
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Figure 4: Raman scattering spectra of the samples S10, S30 and S60. 
These measurements were performed on the top surface of the CZTS 
layer. The CZTS peak assignments were done according to [8, 25].  
Experimental points    were 
fitted using Lorentzian curves.  The deconvolution of shoulder at 350 cm−1 
allowed the detection of the β-ZnS phase located at 352 cm−1 [22]. 
 
 
In Figure 2 the XRD diﬀractograms of the samples are shown. 
The analysis of these diﬀractograms was complemented with the 
Raman scattering data shown in Figure 4 and Figure 5. CZTS peak 
assignment and crystal plane identification are pre- sented in Figure 2 
for sample S10 [24]. The Mo [24], binary sulphides MoS2 [24] and 
SnS peaks [24] are also visible in all the diﬀractograms.  Figure 3 
presents the zoomed in XRD  re- 
sults for 2θ close to 27◦  and 51◦.  From these  diﬀractograms, 
it seems that samples S30 and S60 present additional peaks 
assigned to an intermetallic binary compound Cu41Sn11 [24]. 
Despite the peak intensities suggesting that this compound is present 
at residual level, this is an unexpected result for longer sulphurization 
processes. These XRD results also suggest the presence of the ternary 
compound Cu4SnS4 [24] for all the sam- ples. 
Raman scattering results for the top surface of the absorber layer 
are shown in Figure 4. The penetration depth of these measurements, 
considering the excitation wavelength used, 488 nm, is expected to be 
close to 140 nm [22]. According to the graphs, the absorber layer is 
constituted mainly by the CZTS phase [8, 25]. All peaks were fitted 
using Lorentzian curves in order to pin point their location and to 
deconvolute the shoulder 
close 350 cm−1. This allowed the detection of the β-ZnS phase 
located at 352 cm−1 [22]. 
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In Figure 5 the Raman scattering spectra of the CZTS layers 
measured from the back side are presented. The curves were fitted 
using the same procedure as for the results presented in Figure 4. 
Figure 5 shows additional peaks which correspond to the MoS2 
according to Sandoval et al. [26]. As expected, these results also 
present the peak assigned to the β-ZnS phase. Al- though, for the 
sample S10, it would be expected a higher peak intensity due to the 
fact that the composition is more Zn-rich than the other samples. The 
intense MoS2 peaks could hide the β-ZnS lower intensity one. 
Additionally, the use of the 488 nm laser radiation wavelength for the 
Raman scattering measure- ments is not appropriate to study the 
peak intensity with the phase amount for high band gap energy 
materials [23]. 
According to the pseudo ternary diagram presented by J. 
Scragg [27], the composition analyses of both back and top 
surface place the results close to a region where it is expected the 
formation of CZTS + ZnS and CZTS + ZnS + Cu2S. The phase 
Cu2ZnSn3S8 was never detected in our samples, so it is not 
considered. The Cu2S is removed using KCN based etching process. 
These results were confirmed by complementary struc- tural analysis 
based on the XRD and Raman scattering. Further- more, the 
combination of the results of the composition with the structural 
analysis suggests that, despite the overall compo- sition tends to be 
more uniform with the increase of the sulphur- ization time, observed 
by convergence of composition ratios in table 2, the growth 
conditions used do not guarantee that all compositional 
inhomogeneity spots are eliminated. These lo- cal conditions 
promote the formation residual phases SnS and Cu4SnS4. In fact, the 
increase in of sulphurization time seems to promote the formation of 
the intermetallic phase, Cu41Sn11, although in trace amounts, as 
shown in the diﬀractograms of Figure 3. 
Table 4 shows the position and FWHM of the CZTS XRD main 
peaks. The sizes of the crystallites were estimated ac- cording the 
Scherrer’s equation [28]: 
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Figure 5: Raman scattering spectra of the samples S10, S30 and S60. 
These measurements were performed on the back surface of the 
CZTS layers. The peak assignments were made according to 
published references [8, 22, 25, 26]. 
where λ is the radiation wavelength, K is an unit cell geometry 
dependent constant, which was set to be equal to 0.99, B1/2 is the 
corrected FWHM of the main XRD peak, θB is the XRD peak 
position and 4/3 refers to a geometrical correction assum- ing 
spherical crystallite shapes. From these results, it is clear that XRD 
results point to an increase in the crystallinity of the samples given 
the increase of the crystallite size, rising    from 
∼120 nm for S10 to ∼210 nm for S60. The FWHM were ex- tracted 
from the diﬀractograms and corrected for the overall XRD 
equipments peak broadening of 0.110. This is obtained using high 
quality standard LaB6 sample to minimize the broad- ening eﬀect of 
finite crystallite sample. The corrected FWHM was estimate 
according the expression: 
 
  
 
where corr is the correction parameters related to the equip- ment’s 
peak broadening. 
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Figure 6: Cross-sectional SEM micrograph for samples a) S10, b) S30 and c) S60. 
 
 
Sample Peak Pos. FWHM B1/2 Size (nm) 
S10 28.46◦ 0.225◦ 0.098◦ 120 
S30 28.46◦ 0.170◦ 0.065◦ 190 
S60 28.45◦ 0.159◦ 0.057◦ 210 
 
Table 4: Position and FWHM of the main peaks of CZTS measured 
by XRD. Estimation of the crystallite size, according to the Sherrer’s 
equation [28], for the samples S10, S30 and S60. 
 
 10 
has also been observed by Hall eﬀect measurements in samples grown 
under very similar conditions [29].  Figure 7 shows  the 
R/ 
√  
vs. 1000/T curves for samples S10, S30 and S60. Three 
diﬀerent regimes can be observed in these curves, namely, at high 
temperatures, moderate temperatures and low tempera- tures. In the 
high temperature region R(T ) saturates,  proba- bly due to the full 
ionization of the acceptor centers in the samples.  In a previous 
paper [29] we have shown that  simi- lar CZTS samples present a 
shallow acceptor with a 29    meV 
 10 ionization energy.   At moderate temperatures, the R/ 
√
 vs. 
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Figure 7:   R    vs.  1000  curves for samples S10, S30 and 
S60. 
1000/T  curves exhibit an Arrhenius behavior with a    charac- 
teristic activation energy, Eρ. Eρ defines the activation energy of the 
grain-boundary-limited conductivity and depends on the ionization 
energy of the acceptors as well as the barrier height between grains 
[30]. The values of Eρ, as well as the tempera- ture interval in which 
the Arrhenius behavior was observed, are shown in Figure 7. It is 
important to note that the increase in the sulphurization times leads 
to an increase in Eρ. This appar- ently contradictory behavior, with 
the increase of the grain size, could be explained by changes in the 
electronic properties. The increase of the interdiﬀusion of metallic 
elements can promote the formation of defects with a deeper transition 
energy, thereby changing the conductivity of the absorber layer and 
masking the 
T T eﬀect of grain size.  At low temperatures the Arrhenius behav- 
ior is not followed.  Electrical conductivity measurements car- 
3.3. Morphological characterization 
The cross-sectional SEM micrographs for the studied sam- ples 
are shown in the Figure 6. The micrographs a), b) and c) refer to 
samples S10, S30 and S60, respectively. Smaller grains are seen in 
sample S10 than in the other two samples. This Fig- ure also shows 
the thickness estimation of the various layers. In Figure 6 a) it is clear 
that a layer between the CZTS and the Mo back contact exists and it is 
constituted by small grains.  This is also observed in Figures 6 b) 
and 6 c), though to a smaller extent. 
 
3.4. Electrical characterization of the CZTS layer 
The electrical characterization of the CZTS thin films was carried 
out by measuring the transversal electrical resistance R(T ) of the 
samples as a function of temperature. Hot point probe measurements 
were also carried out, showing that the samples present p-type 
conductivity.   The p-type   conduction 
ried out in similar CZTS thin films, but grown without the Mo layer, 
have shown that the low temperature electrical transport is 
dominated by Variable-Range Hopping (VRH) conduction. 
Although VRH has not been observed in the samples studied in this 
work, it could be one of the mechanisms contributing to 
the R/ 
√
T vs. 1000/T curves at low temperatures. The  forma- 
tion of a Schottky barrier at the Mo/MoS2/CZTS interface [4] can 
also strongly modify the electrical transport of the samples measured 
here with respect to pure CZTS thin films. 
 
3.5. Impedance spectroscopy 
The electrical characterization of the best solar cell of each tested 
sample was done through impedance spectroscopy and the J-V 
characteristics at room temperature. From now on the best cell of 
each sample is identified by the name of the sam- ple. Figure 8 
shows the Cole-Cole plot for cell S10 for voltage bias ranging -1 mV 
to -544 mV. Figure 9 presents the   equiva- 
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Figure 8: S10 sample complex impedance plane measurements for 
diﬀerent applied voltage bias. The measurement were performed in 
dark conditions at room temperature, T=293K. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Tested solar cell equivalent circuits for the fitting of the 
complex admittance measurements in ac electrical regime. 
Figure 10:  S10 sample complex impedance plane measurements for in dark 
conditions for a bias of -1 mV. This graphs presents the results of the 
fittings for the tested equivalent circuits.  The inset graph shows the 
|Z| and Z    phase 
fittings deviations for these tests. 
 
 
lent circuits that were used to adjust the experimental admit- tance 
data [31]. The simplest circuit, M1, corresponds to a device 
characterized by a series resistance, Rs, and a parallel capacitance 
and resistance, Cj and Rj, respectively. The first element models all 
the contact and material resistances and the loop describes the 
CZTS/CdS heterojunction ac response. An extra loop is added for 
the circuit M2, formed by Rb and Cb which models the behaviour 
of a non-ohmic MoS2-Mo/CZTS back contact. Further 
improvements are observed using model M3 which includes an 
extra parallel connection formed by a 
C1  − R1  pair, which describe the ac response of a trap state 
within p-n junction [32]. The results for the fittings are pre- sented in 
Figure 10. These graphs show that the best results are attained for the 
M3. It can also be observed that the experimen- tal data forms a 
slightly depressed semicircle when compared with the fittings. This 
impedance overestimation can be related with absorber layer 
inhomogeneity and low quality heterointer- face [32, 33]. Although 
there is the possibility to use constant phase elements to improve the 
results, they were no   included 
in the equivalent circuits. The inset graphs of Figure 10 show the |Z| 
and Z phase fitting errors vs.  frequency.  These  results 
show a fitting improvement from model M1 to M3. For a low 
frequency regime, f < 103 Hz, all model present satisfactory fitting 
results. In this regime the ac response of the device is dominated by 
the capacitance of the junction, Cj. To improve the fittings for a 
higher frequency regime, the back contact loop 
must be added, as shown in model M2. Note that the maximum fitting 
error decrease from ≈17 % to ≈6 %.  In this regime  the 
capacitance behaviour of the solar cell is given by the  relation 
C = (1/Cj + 1/Cb)
−1 [33]. The inclusion of a trap state reduces 
the error below 2%. 
The extracted circuit parameters for the best solar cell of 
sample S10 are presented in Figure 11. These results show a constant 
series resistance of 7 Ω for dc bias ranging -0.6 V to 0 
V. An apparent constant value close to 5 Ω is also presented by the 
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Figure 11: a) Resistances and b) capacitances for sample S10 under 
diﬀerent applied dc bias. These values were estimated using non-
linear fitting techniques based on Model M3. 
 
 
values show a decrease with increasing reverse bias. This may 
suggest a directly polarized junction at the MoS2-Mo/CZTS in- 
terface. Note that assuming the junction area , A, equal to 0.25 cm2  
and the dielectric constant, ε, equal to 4.3 [34], a   narrow 
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depleted  junction,  wb   =  ε0εA/Cb   ≃ 15  nm,  is  expected due 
to the relatively high observed capacitances.  The junction  ca- 
Figure 12: Mott-Schottky plots for the cells S10, S30 and S60 under reverse dc 
bias, -1 mV and -544 mV, in dark conditions at room temperature. 
pacitance shows the typical behaviour of a reversely polarized    
p-n junction, with values increasing from 11.7 nF to 15.5 nF. The 
shunt resistance, Rj, shows a clear dependence on the ap- plied bias 
voltage and it may be related with the leakage paths which can 
physically originate from generation/recombination currents within 
the depletion region [35]. The interpretation of the two elements 
pertaining to the ac shunt R1 and C1 is not straightforward. The 
need to add these elements to the model may stem on the 
nonuniformity of the CZTS absorber layer. As shown in section 3.2, 
several secondary phases were detected in the absorber layer. Among 
them, there are relatively low re- sistivity phases such as Cu4SnS4 
and Cu41Sn11 (not detected in S10) that could generate conduction 
channels through the ab- sorber layer. This connection with the low 
resistivity phases is supported by the value of R1, which is below 28 
Ω. Even lower values were obtained for S30 and S60 due to the 
presence of the metallic phase Cu41Sn11. This shuntlike defect 
which can cre- ate leakage of the ac current through the devices may 
hide other 
cell Na  (×10
16 cm−3) Vb (V) Wn (nm) Wp (nm) 
S10 20.0 0.71 60 30 
S30 4.3 0.65 40 90 
  S60 0.65 0.51 20 230   
 
Table 5: Estimated values for the majority carrier density, N, diﬀusion potential, 
Vb, and depletion width, W for samples S10, S30 and S60. 
 
 
 
Vb are shown in Table 5. These values show a clear  decrease of the 
acceptor doping density with increasing sulphurization time. 
Comparing with the literature, the values of Na fall in the range of 
published data [4, 15, 39]. The depletion widths for p- and n-region, 
Wp and Wn, respectively, were obtained according the expression 
[36]: 
 
trap levels from the impedance measurements. Despite hav- ing been 
formed by diﬀerent routes and phases, similar defects 
were detected on CdTe  based devices [32].   An    admittance- 
  
  
temperature study may confirm the high conductivity or metal- lic 
nature of these defects. 
Figure 12 shows the Mott-Schottky plots based on the value of the 
junction capacitance, Cj, for the cells S10, S30 and S60. Using the 
data extracted from the linear regression and assum- ing an abrupt 
heterojunction, the estimation of the p-region ion- ized net acceptor 
defect concentration, Na, and the overall built- in voltage, Vb, could 
be made according the following expres- sion [36]: 
As shown in Table 5, Wp presents an increase from 30 nm to 230 nm. 
The latter is comparable to the depletion width pre- sented by Scragg 
et al. [15]. An inverse trend is presented by Wn from 60 nm to 20 nm. 
Note that, for S10 cell, the n-region of the heterojunction is considered 
fully depleted due to the thick- ness of the CdS layer of 50-70 nm. 
Analysing the built-in poten- tials values, it can be observed that they 
follow a similar trend to Wn. The estimated Vb are slightly higher 
than those reported in literature for similar free carrier concentration 
[4].  The  de- 
  
crease of Vb with the decrease of the acceptor doping concen- tration 
is expected.  The observed decrease in acceptor density 
 
results from the general improvement in morphology and depth 
where A is the junction area, q is the elementary charge, ε0 is the 
vacuum permittivity, Nd is the n-region net ionized donor defect 
concentration,  = 1×1017  cm−3  [37],  εCdS   is the CdS   relative 
dielectric constant, = 5.4 [36], and εCZTS is the CZTS relative 
dielectric constant, = 6.7 [38]. The estimated results for Na and 
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 compositional uniformity, thus leading to lower grain 
boundary area and less intra-grain defects. In particular, the 
improvement in the depth compositional uniformity may 
lead to a reduction in Cu vacancies since the bottom of the 
films becomes less Cu- poor as the sulphurization time is 
increased. 
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the resulting Jsc of the solar cell if the material has collection losses. 
The influence of decreasing the carrier concentration is diﬃcult to 
evaluate, if on one hand the Auger recombination will decrease and 
therefore this would provide a higher life- time of the minority 
carriers and therefore an increased Voc, on the other hand the lower 
carrier concentration could drop    the 
         Voc  due to the lower resulting Vb. Since the electrical  changes 
         are not the only ones seen in this work, the evaluation of these 
changes in the electrical performance is quite hard. It was also 
observed that for longer sulphurization times a CuxSny metal alloy is 
formed. This explains the lower shunt resistance and lower open 
circuit voltages observed. This work suggests that in order to avoid 
the formation of this metal alloy one should reduce the thickness of 
the films thus allowing a sulphurization 
time reduction for similar in-depth uniformity. 
  00 0 00 00 00 00 00 
 V hDLc     ,( V 
 
Figure 13: Solar cell J - V characteristics for the samples S10, S30 
and S60 under simulated AM1.5 illumination and in dark conditions. 
 
Param./cell S10 S30 S60 
Cell area (cm2)  0.5 0.5 0.5 
Fill factor (%) 36.4 29.1 30.3 
Voc (mV) 308 148 182 
Jsc (mA/cm2) 4.80 4.21 4.71 
Eﬃciency (%) 0.54 0.18 0.26 
Rs (Ω) 2.05 1.96 2.02 
  Rsh (Ω) 249 92 112   
 
Table 6: Solar cell parameters for the cell S10, S30 and S60. 
 
 
3.6. J-V characteristics 
In Figure 13, the J-V characteristics of the cells S10, S30 and 
S60. All the cells show cross-over features, which  means a low 
shunt resistance and this can be related to non ideal p-n junction 
properties or some photoconductive shunt. This low shunt resistance 
is observed in the Table 6. This Table shows that the S10 presents the 
best solar cell eﬃciency with 0.54%. The short circuit current 
density, Jsc, is low for all cells but no relevant diﬀerences between 
the cells are noted. However, the open circuit voltage, Voc, and the 
shunt resistance, Rsh, present higher values for the S10 when 
compared to the other 2   cells. 
The series resistance, Rs, shows low values, ≃2.0 Ω, with    no 
important variation for the analysed cells. 
 
4. Conclusions 
 
In this paper it has been shown that by increasing the sulphur- 
ization time of metallic precursors there is an improvement of the in-
depth homogeneity of the composition of the resulting CZTS thin 
films. Additionally, the structural and morphologi- cal properties are 
also enhanced due to the increase of crystal- lites and grain size. 
With regards to the electrical properties, the results show that with 
increasing sulphurization time there is a lower free carrier 
concentration, a wider space charge re- gion and higher conduction 
activation energy. From a solar cell point of view, the increase of the 
depletion width will  increase 
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